porous cylinders as elements of aerosol filters significantly increases the effi-5 ciency of the deposition of aerosol particles [1, 2] . Also, during the filtration process the suspended particles, deposited on fibers, form a porous layer. The distortion of the fluid flow through the filter elements covered by the porous layers considerably affects the inertial and diffusional capture of further aerosol particles [3] . Hence it is important that efficient mathematical models of fluid 10 flow past porous bodies are developed in order to calculate the two-phase flows of dusty air.
In the work presented here the fluid flow in a periodic array of porous cylinders, modelling the air flow in an aerosol filter, is considered under the assumption of viscous incompressible flow. The approximate periodic cell model of 15 Kuwabara [4] is used to formulate the fluid flow problem. The cell model with Kuwabara boundary conditions was used previously by Stechkina [5] , Kirsh [1] to determine the velocity field of the flow over a porous cylinder in the case of small Reynolds number flow, using analytical solution and the collocation method. In this work the Stokes flow model is adopted outside the cylinder 
Problem statement
The two-dimensional flow of an incompressible gas in a periodic cell, of radius h, with a porous cylinder of radius R c at a small Reynolds numbers is 35 considered. The radius R c and the fluid velocity U , at the cell boundary, are used as length and velocity scales. Due to the fluid flow symmetry we select as a calculation domain the upper part of the periodic cell.
The outer fluid domain Ω e is the half annulus region formed by the cell boundary r = h = 1/ √ α (α = 1 − ε, ε -porosity) and the boundary of the 40 cylinder, r = 1. The porous zone Ω i is the inner half-circle of unity radius ( fig. 1 ).
The problem of fluid flow in domain Ω e , assuming Stokes flow, can be reduced to the solution of the biharmonic equation for the stream function ψ e (x, y)
with the conditions on the boundary Γ e of the domain Ω e . On the outer boundary AD we have
where ω e (x, y) = −∆ψ e is the vorticity. Condition (2) is valid for small values of α as shown by Marshall et al [6] who obtained accurate results for fluid flow in a filter for α < 0.2. On the symmetry lines AB and CD the following conditions are applied:
The stream function ψ i (x, y) in the porous zone Ω i with the boundary Γ i ,
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assuming the Darcy law for fluid flow, is described by the Laplace equation
with the symmetry condition along the line BOC
On the common boundary BC of the domains Ω e and Ω i the conditions of equality of the pressure and flow rates
as well as the condition proposed by Beavers and Joseph [7] are applied. The 
where α s is the dimensionless coefficient (the slip coefficient),
the porous medium permeability. The quantity α s depends on structure of the porous medium. The validity of the condition (8) has been widely supported [1, 8] .
Solution
To solve the boundary value problem for the outer region, (1)-(3) Eq. (1) is reduced to two equations of second order:
where η = −ω e . By using the Rayleigh-Green biharmonic boundary formula (see [9] ) and Green's second identity, we obtain the equivalent pair of coupled integral equations [10] ,
where χ(x, y) = 2π for the interior points (x, y) ∈ Ω e , χ(x, y) = β for the boundary points (x, y) ∈ Γ e (β is the interior angle at a point on the boundary Γ e ), a prime denotes differentiation with respect to the outward normal to the boundary Γ e , s is the boundary arc. The Greens functions are written as
where (x 1 , y 1 ) is the coordinate of the boundary point with arc abscissa s. 
Applying the expressions (10) at the centers of the elements Γ e i , (x ci , y ci ),
where
where β i = β(x ci , y ci ) and δ ij are the Kronecker symbols.
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The stream function ψ i (x, y), that is described by Eq. (4), can be written in the form
Dividing the boundary into linear elements such that
Equation (12) can be written in the form
where the points (x ck , y ck ) are the centers of the elements Γ The conditions (6) and (8) on the porous cylinder surface BC are expressed in terms of the stream function and vorticity:
From (14) and (15) the following equations can be obtained: The SLAE obtained is then solved numerically to find the unknown quan-
at the general point (x, y) can then be calculated from the 95 formulas (10), (12) . Taking into account u = ∂ψ/∂y, v = −∂ψ/∂x the formulas for velocity components are written:
In order to solve equations (10)- (13), (16) it is necessary to calculate the various integrals in these equations.
In order to achieve this we introduce the following notation:
Let ϕ be the angle of the tangent slope to the panel Γ j . The angle ϕ is constant 100 for each panel. Then
The other functions in the integrals can be obtained by differentiating the functions G 1 and G 2 taking into account (17): 
Calculating the integrals from the 12 functions above can be achieved numerically but it is time consuming when solving the SLAE and determining the fluid flow velocity at the current point of the calculation domain. Because of this the analytical determination of the integral would be preferable. The integrals 105 involving the first four functions f i , i = 1, 4 have been determined analytically previously, see [10] . In this work we will give analytical expressions for all the other integrals needed using the functions above.
Denoting the coordinates of the ends of the panels Γ j , (x b , y b ) and (x e , y e ) respectively ( fig. 2 ). The coordinates of the current point with arc abscissa s can be written as
where s b is the arc abscissa of the point (x b , y b ).
Introducing the complex coordinates
and variables
Note that ρ = |z 1 − z| = |ζ|. Hence we can write
Taking into account that in the panel points
then
Introducing the notation
The derivative with respect to the normal can be written as
where dζ = dz 1 = e i(ϕ−π/2) dn. Then from (20):
Integrating the function G ′ 1 gives:
Taking into account ρ 2 = ζζ the function G 2 can be written as
Thus
In order to calculate this integral integration by parts is used.
Taking u = ζ, dv = ζ(ln ζ − 1)dζ and taking into account the formulas (21) and the fact dζ = e −iϕ ds we have
The quantities du and v can be written in the form:
Inserting these expressions into the integral we obtain
To calculate G ′ 2 , from (23) it follows that dζ = ie −iϕ dn. Hence
Differentiating (25) and taking into account (23) and (27) we have
Computing the integrals we obtain
To integrate the other 8 integrals we differentiate (22), (24), (26), (28) taking into account the formulas obtained from (18) and (19)
The formulas obtained can be used for z / ∈ Γ j as well for the case z ∈ Γ j when some of integrals are singular and they can not to be integrated numerically. For the case z / ∈ Γ j the increment of the argument ζ at the movement of z 1 along the panel Γ j must be calculated keeping the selected branch of the function 125 arg ζ. The increment of the argument ζ is accepted equal to zero for z ∈ Γ j . It corresponds to the calculations in terms of principal value of singular integrals.
Analytical solution for Kuwabara cell
The problem of fluid flow past a porous cylinder in the periodic cell of the Kuwabara model can be solved analytically [1] . We will seek a solution of the Taking into account the boundary conditions (2), (7), (14), (15) and the fact that ω e (x, y) = −∆ψ e the coefficients A, B, C, D, G can be obtained as:
The velocity components and vorticity can be written in the form The distributions of streamlines and vorticity obtained are given in fig. 3 .
The points on the boundaries show the ends of the linear elements of Γ e and Γ i .
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Note that the distributions obtained from analytical formulas are not shown because they practically coincide with the presented numerical distributions.
To estimate the accuracy of the method the absolute (E ψ (x, y), E u (x, y), E v (x, y), E ω (x, y)) and relative (ε ψ , ε u , ε v , ε ω ) errors were calculated for the functions ψ(x, y), u(x, y), v(x, y), ω(x, y): The results of the comparison of using analytical (method 1) and numerical (method 2) integration are given in fig. 5 . On the figure the x-axis is the integration step ∆s within one boundary element. Ordinates are the errors ratio. The ratio's of the errors E obtained by method 1, index a, and method 2, index n, are shown for ψ, ω, u, v:
.
The ratio of computing times, τ , for calculating the functions ψ(x, y), u(x, y),
v(x, y), ω(x, y) using numerical and analytical integration is shown by the dashed line in the figure. 
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It is seen that there is advantage in computing time using method 1 compared to method 2 beginning from ∆s > 10 −2 = 0.1/10 and ∆s > 2 · 10 −2 = 0.2/10 for fine and coarse mesh respectively. Also, as can be seen in the figure, the accuracy of the two approaches becomes the same for ∆s ∼ 10 −3 . For these values of ∆s the computing time using method 2 is > 10 times more than for 155 the method 1.
The conclusion can be made that using analytical integration for determining the expressions for stream function, vorticity and velocity components in the BEM method for Stokes flow problem considerably reduces the computing time required to obtain a solution of the required accuracy.
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To further test the accuracy and adaptability of the developed method two additional problems have been considered. Firstly, the problem of fluid flow through the porous cylinder in a rectangular domain, as shown in fig. 6 , is studied. This corresponds to the periodic cell of a system of parallel porous cylinders such that their axes are perpendicular to the airflow. The packing 
and on EF ψ e = h, ω e = 0.
The boundary value problem (1), (3)- (7), (29), (30) For the value ε = 0.96 there is no significant difference in the results obtained 180 using the rectangular and circular cells. However, ε as decreases the difference between the results from the two models increases, as can be seen for ε = 0.6 in the figure.
To validate the method developed for a doubly connected domain the flow between eccentric cylinders as considered by [11] , [12] , see fig. 9 , has been modelled. The inner solid cylinder rotates with the constant anticlockwise angular velocity ω 1 = 1 and the outer is stationary. The radii of inner and outer cylinders are r 1 = 0.5 and r 2 = 2 respectively. The eccentricity is found from the relation, ε c = e/(r 2 − r 1 ) where e is the distance between the centers of the cylinders.
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On the inner cylinder B 1 the boundary conditions are:
To determine the value ψ 1 the condition for periodicity in the form taken in [11] B1 ∂ψ ∂n dt = 0 is used.
On the outer cylinder B 2 the conditions are:
The boundary value problem for the flow between the cylinders was solved by the BEM described above. The distributions obtained for ψ(x, y) (top) and , [12] and in the present work are compared in negative value for n = 80 at ε c = 0.9 is explained by the very narrow distance between cylinders that becomes approximately equal to the length of boundary linear element.
Conclusion
The viscous incompressible fluid flow in a periodic cell with a porous cylinder, The present approach will be applied in future work to calculate the dusty 235 air flow in an array of filter fibers taking into account the change of the fiber shape and size due to the dust particle deposition.
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